a r t i c l e s
Lipopolysaccharide (LPS) is a major constituent of the outer membrane of Gram-negative bacteria. In most cases, its presence is essential for cell viability, and LPS is important in pathogenicity. LPS is composed of a conserved membrane anchor molecule, lipid A (endotoxin), and a short conserved core oligosaccharide that links lipid A to an immunogenic O-antigen polysaccharide of variable length 1, 2 . The carbohydrate composition and size of the O antigen is hyper-variable, and more than 180 variants have been described in E. coli strains alone 3 . The O-antigen is among the first molecules encountered by the host during infection and it has been shown to be vital in protecting pathogenic bacteria from the host-immune response by avoiding complement-mediated killing 4 . A fascinating structural feature of most O antigens is that their chain lengths fall in defined ranges (termed the modal distribution) that are O-serotype dependent (Fig. 1a) . Such exquisite control of polymerization is a recurring theme in biology (for example, phage tails or the length of injection needles in type III secretion systems 5, 6 ), but its origin is generally poorly understood at a structural and molecular level, even where the identities of the protein components from the assembly systems are known.
There are three recognized bacterial polysaccharide biosynthesis pathways that produce O-antigen glycans, the Wzy-dependent, the ATP-binding cassette (ABC) transporter-dependent and the synthase-dependent pathways 1 . The components that determine the modal distributions of O-antigen glycans vary in these biosynthesis pathways, but none of the processes are fully understood at a molecular level. We focused on the assembly of the serotype O9a antigen from E. coli, a well-characterized prototype of the ABC transporter-dependent pathway.
The O9a glycan chain is synthesized in the cytoplasm using an undecaprenyl diphosphate carrier molecule. The chain is extended by addition of mannose residues to the non-reducing terminus and glycan chain length is terminated by the addition of a phosphomethyl moiety that blocks further chain extension 7 (Fig. 1b) . Elongation of the polymannose O9a-antigen is performed by WbdA, whose two glycosyltransferase (GT) domains cooperate in a distributive reaction mechanism to produce a glycan composed of alternating pairs of α-(1→2)-and α-(1→3)-linked mannoses in a tetrasaccharide repeat unit 8, 9 (Fig. 1b) . The N-terminal domain of WbdA is predicted to catalyze formation of the α-(1→2) linkage and the C-terminal domain catalyzes the α-(1→3) linkage; both domains belong to the glycosyl transferase family 4 (ref. 9). The overall structure of WbdA and the positioning of the two catalytic sites relative to one another have not been reported. Chain termination is catalyzed by WbdD (a kinase and methyltransferase), which adds a terminal phosphomethyl moiety at the O3 position of the terminal mannose residue, halting further chain extension [10] [11] [12] (Fig. 1b) . The terminating phosphomethyl modification is recognized by a specific carbohydrate-binding module forming part of the ABC transporter, providing an elegant quality control method that ensures that only (completed) glycans of the desired length are exported and assembled into LPS 13, 14 . WbdD is a membrane-associated protein and its interaction with WbdA is essential for the ability of the otherwise soluble polymerase to act on the membrane-embedded undecaprenyl lipid-linked acceptor 11 . Fulllength WbdD (708 residues) is membrane bound and forms aggregates, which has precluded in vitro studies of the complex. Only WbdD constructs truncated at residue 556 (WbdD 1-556 ) or 459 (WbdD 1-459 ), thereby lacking both WbdA and membrane interacting regions, have been crystallized 15 . The structure of WbdD 1-556 revealed a trimer in which each monomer consists of a methyltransferase domain followed by a kinase domain and then by a 12 residue helix; residues beyond 470 were disordered and were therefore not seen in the electron density 15 . The short 12 residue helix forms a trimeric bundle with the same helix in two other monomers around a three-fold axis, giving the overall structure the appearance of an umbrella 15 . WbdD 1-459 lacks the helix and exists as a monomer.
Mathematical modeling has been used in an effort to understand the molecular basis for the observed modality of the O9a glycan 16 . This resulted in a 'variable geometry model' in which the stoichiometry of the WbdA-WbdD complex is a crucial factor regulating modal length and size distribution of the polymer. Perturbing expression of WbdA or WbdD to alter the stoichiometry altered chain lengths and distribution in a manner predicted by the model 16 . However, in addition to complex stoichiometry, the mathematical model requires a measuring element (hereafter referred to as a molecular ruler). We set out to define the molecular ruler. We found that the C terminus of WbdD formed an extended coiled-coil and that this structural feature acted as a central element of the required molecular ruler that, together with complex stoichiometry, defines the size of the O9a glycan. This is, to the best of our knowledge, the first complete molecular and structural description of such a polymerization system.
RESULTS
Extended X-ray structure of the C-terminal helix-bundle WbdD 1-556 As we had reported previously, WbdD truncated beyond residue 459 (WbdD 1-459 ) gave a monomeric protein that crystallized well, but possessed severely reduced kinase activity. The latter was unexpected, as both catalytic domains were left intact 17 . A second truncated construct, WbdD , produced active trimeric protein that gave cubic crystals that were refractory to optimization and diffracted to resolutions between 4 and 8 Å. We reported that a dehydration of these crystals gave a 2.2-Å resolution structure with a monomer in the asymmetric unit. In this crystal structure, only a poorly defined C-terminal poly-alanine helix (that forms a helical bundle) comprising residues 459 to 473 (approximately) was built, precluding analysis of the C-terminal domain 15 .
We evaluated ten data sets obtained from non-dehydrated crystals with the hypothesis that the dehydration itself was responsible for disordering of the C terminus. One WbdD 1-556 crystal diffracted to 3.9 Å and the C-terminal domain up to residue 505 was clearly visible in the electron density, following deformable elastic network (DEN) refinement 18 . Only 51 residues remained disordered in the resulting structure ( Table 1) . The newly traced residues adopted a helical arrangement generating an extended C-terminal helix to which sequence was assigned (Fig. 2a,b) . The extended helix formed a coiled-coil arrangement via the crystallographic three-fold axis. Furthermore, this coiled-coil domain interacted with the kinase active site, resulting in the ordering of two previously disordered active site loops (αQ-αR, residues 398-416 and β16-αQ, residues 377-381, the 'activation' loop). These two loops interact with each other via a π-stacking interaction between W408 and W382 (Fig. 2b) . We had previously obtained weak, but interpretable, density for two mannose residues at the kinase active site 15 , and this newly ordered structure completes the kinase catalytic site (Fig. 2b) , supplies residues to recognize the substrate (consistent with site directed mutagenesis) 15 and rationalizes the role of the C terminus in kinase activity 15 . a r t i c l e s npg a r t i c l e s
The structure of the C-terminal coiled-coil domain in WbdD Small-angle X-ray scattering (SAXS) data were collected for the WbdD 1-459 , WbdD 1-556 ( Fig. 3a) and WbdD 1-600 constructs. WbdD 1-600 behaved as an aggregated assembly in gel filtration and its SAXS data were uninterpretable. The scattering from WbdD 1-459 yielded a molecular mass (MM) estimate of 52 ± 5 kDa ( Table 2) , consistent with the calculated MM of the monomer (49 kDa). The reconstructed ab initio model of WbdD 1-459 fitted the SAXS data with discrepancy χ = 0.9 and matched well with the crystallographic monomer 15 ( Supplementary Fig. 1 ).
The MM estimate of WbdD 1-556 from SAXS (MM = 165 ± 20 kDa; Table 2 ) indicates a trimeric assembly of this construct, in agreement with gel filtration and crystallography 15 . The ab initio WbdD 1-556 model (imposing P3 symmetry) revealed a mushroom-like particle that resembled the crystal structure (Fig. 3b,c) . The trimeric arrangement of the catalytic domains of WbdD corresponded to the head of the mushroom and the coiled-coil partly matched its stalk. In the ab initio model, the stalk was clearly longer than that in the crystal structure (Fig. 3b,c) , indicating that the coiled-coil extends further than is currently resolved by crystallography. The theoretical scattering, computed from the crystallographic model at 3.9 Å, where residues from 506 to 556 are missing, provided a poor fit to the SAXS data from WbdD 1-556 with χ = 4.8 (Fig. 3a) .
Sequence analysis using the COILS algorithm 19 predicted that residues 460-600 of WbdD (and 460-556 of WbdD 1-556 ) form a coiled-coil structure (Supplementary Fig. 2 ). When the new structure (Fig. 3b) was analyzed by the CCCP server 20 , residues 462-505 gave an average coiledcoil radius of 8.5 Å with a 1.42-Å rise-per-residue of the coiled-coil axis (Supplementary Table 1 ; TWISTER 21 , an alternative program gave similar values, radius: 8.4 Å, rise per residue: 1.42 Å per residue). Using these experimental parameters, we built a model of the complete coiled-coil of WbdD 1-556 using the CCBuilder server 22 , leading to a ~135-Å-long coiled-coil. The hybrid structure (X-ray structure of N-terminal domains plus model of coiled-coil) had an improved fit to the SAXS data (χ = 3.3 versus 4.8) compared with just the residues of the X-ray model. Rigid body refinement with SASREF was employed and the angle of catalytic domains relative to coiled-coil was allowed to move 23 . Precedent for such movement was seen in the various crystal structures 15, 17 , which have different angles with a more closed cap seen at higher resolution, consistent with tighter packing. The angle between the catalytic domains Fig. 3a) . This refined rigid-body molecular model of WbdD 1-556 fitted very well the shape of the ab initio SAXS model (which is bulkier, as the solvation shell is visible in SAXS; Fig. 3c ). Circular dichroism analysis using the CONTINLL algorithm 24,25 on spectra collected on B23 at Diamond of WbdD 1-459 and WbdD 1-556 confirmed a detectable increase in helical content, as expected for the addition of a coiled-coil (Supplementary Fig. 3 ). The good fit between experimental and model structures encouraged us to extrapolate our model to include the additional 44 residues (predicted to be coiled-coil). Using this approach, the coiled-coil of full-length WbdD was predicted to be around 200 Å.
Insertions and deletions in the coiled-coil affect polysaccharide length
The length of the coiled-coil was experimentally modulated by insertion or deletion of residues in this structure. To minimize stoichiometry changes in the WbdA-WbdD complex 16 resulting from mutations in WbdD that perturb its expression level, we used an experimental system in which modified His 6 -WbdD proteins were expressed from the same transcript (and promoter) as WbdA-Flag in an E. coli wbdD, wbdA deletion mutant (CWG917). This experimental system yielded a polymer with a modal length of 11 repeat units; slightly shorter than the 14 observed in the native O9a product. Four consecutive heptads were deleted in the coiled-coil region of WbdD (∆(GHIJ), amino acids 558-585; Fig. 3a) . Expression of the ∆(GHIJ) derivative in CWG917 resulted in LPS with a shorter average O-PS chain length than the modal length obtained with the wild-type His 6 -WbdD (Fig. 3b,c) . Deletion of an additional heptad (∆(GHIJK), amino acids 558-592; Fig. 3a ) caused a further reduction by one repeat unit in the O-PS (Fig. 3b,c) . A His 6 -WbdD derivative containing a coiled-coil domain extended by insertion of two additional blocks of heptads CDEF (that is, amino acids 488-507), designated (CDEF) 2 (Fig. 3a) , produced a polymer with a longer average O-PS chain length (Fig. 3b,c) .
A longer coiled-coil insertion (ABCDEF) 2 was also constructed; the O-PS synthesized was longer than the native product, but not within error longer than that observed from the (CDEF) 2 derivative, indicating that there is a limit to the extension possible. Given that full-length protein was refractory to structural analysis, we made two insertion and two deletion variants of WbdD 1-556 to gain some structural insight into the effect of the changes in the coiled-coil region. CD spectroscopy (Supplementary Fig. 3 Fig. 3 ). SAXS data on these constructs also showed that solutions of these proteins contained aggregates that rendered detailed analysis impossible (as seen for WbdD 1-600 ). Previous work has shown that the chain-length of the O9a antigen can be manipulated by altering the levels of expression of either WbdA or WbdD 16 . To determine whether altered stoichiometry could explain the results with the coiled-coil variants, we quantified the relative amounts of His 6 -WbdD and WbdA-Flag from the whole-cell lysates by Western immunoblotting using antibodies to His and Flag 16 . The WbdD/WbdA ratios for the strains containing His 6 -WbdD∆(GHIJK) and ∆(GHIJ) were approximately 1.3-and 1.7-fold lower, respectively, than the ratio observed for wild-type His 6 -WbdD. However, these changes in stoichiometry should tend to generate a longer polymer, rather than the observed shorter products 16 . The WbdD(CDEF) 2 / WbdA ratio was 1.5-fold higher than that observed with wild-type a r t i c l e s His 6 -WbdD, which should tend to yield a shorter polymer, opposite of the observed products 16 . Thus, in each of these cases, the change in stoichiometry should operate counter to the experimental observation and we can conclude that changes in polymer length are a result of the change in the protein structure, rather than altered stoichiometry. However, the ratio of WbdD(ABCDEF) 2 /WbdA was 2.5-fold lower than that of the wild type, and is therefore possible that the increase in O-PS chain length in this mutant is a result of decreased expression of WbdD(ABCDEF) 2 relative to WbdA. To determine whether a 2.5-fold decrease in WbdD expression could affect the chain length to the extent observed for WbdD(ABCDEF) 2 , we titrated the expression level of plasmid-encoded wild-type His 6 -WbdD relative to constitutively expressed endogenous WbdA. The LPS chain length was examined by SDS-PAGE and the His 6 -WbdD levels were quantitated by Western immunoblotting. From this analysis, we determined that a 2.5-fold decrease in WbdD(ABCDEF) 2 relative to WbdA is insufficient to cause the observed O-PS chain length increase ( Supplementary  Fig. 4) . As a final control for mutant function, we confirmed that marked changes in stoichiometry in complexes containing the WbdD constructs with altered coiled-coils were able to reproduce the size-distribution shifts (for one insertion and one deletion) observed for the native protein 16 (Supplementary Fig. 5 ).
DISCUSSION
The concept that biology can control the length of polymeric structures by means of a molecular ruler dates back to the observation that the lengths of bacteriophage tail structures are narrowly distributed 26 . Since then, molecular rulers have been identified in other polymerization systems 27 . In principle, a molecular ruler is a protein, or a domain of a protein-protein complex, whose size defines the length of a polymeric structure by terminating polymerization when the nascent polymer reaches the requisite length 27 . Well-studied examples include the phage-λ tail system, which involves two proteins gpH (the ruler) and gpU (the terminator) 5 , flagellar hooks in Salmonella 28,29 using FliK and YscP, and type III secretion system needles in Yersinia 6, [30] [31] [32] . Although these systems have been thoroughly characterized at a genetic level, detailed molecular descriptions of the ruler have been lacking. Polymerization control, but of a different sort, is also seen in the Cas10Csn ribonucleoprotein complex from the CRISPR system 33 , where multiple copies of Csm3 protein bind the nascent oligonucleotide and each additional copy of Csm3 results in a six-nucleotide increment.
An explicit factor in the mathematical model 16 developed to explain chain-length regulation in the E. coli O9a LPS system is the presence of a molecular ruler separating WbdA and WbdD. The rigid coiledcoil domain of WbdD is the obvious candidate for this ruler. The coiled-coil is at the C terminus and effectively separates the kinase (capping reaction) from WbdA (the polymerase), which interacts with the C terminus of WbdD 12 . WbdA has two active sites at which the undecaprenol diphosphate anchored polymer is elongated by addition of carbohydrate monomers. Coiled-coils have been shown to act as rigid spacers in other non-polymerization-based systems, such as tetherin 34 or type I restriction modification enzymes 35, 36 . The 92-kDa gpH ruler protein from the phage-λ ruler system 5 has a predicted coiled-coil 19 , although the coiled-coil has not been experimentally investigated.
The GLYCAM server (http://www.glycam.org) calculated the length of a repeat unit of the O9a E. coli carbohydrate polymer to be ~15 Å, meaning that 14 repeating units will be around 210 Å (Fig. 4a) . This is close to the 200-Å length of the coiled-coil in WbdD calculated from our crystallographic and modeling data. We suggest that the polymer grows at WbdA by switching between the two mannosyltransferase active sites in this two-domain protein 9 until it is long enough to reach and be capped by the kinase domain of WbdD (which is held by the coiled-coil domain at around 200 Å from the WbdA; Fig. 5 ). Direct experimental assessment of a reconstituted WbdD-WbdA complex has not been possible, as purified full-length WbdD aggregates. We instead tested our hypothesis by engineering WbdD with coiled-coil domains with shorter and longer lengths. We deleted 28 and 35 residues (multiples of 7 were used to conserve the heptad register), corresponding to 40 Å (two repeat units) and 50 Å (three repeat units) respectively (Fig. 4a) . In vivo data revealed that the resulting polymers produced in these mutants were indeed progressively shorter (Fig. 4b,c) . Insertions of 56 residues (80-Å increase, five repeats) and 84 residues (120-Å increase, nine repeats) (Fig. 4a) both yielded O-PSs with chain lengths longer than that of the wild type. Taken together, our in vitro data establish a direct relationship between the coiled-coil domain length and the LPS polymer length required for a molecular ruler (Figs. 4b,c and 5, and Supplementary Fig. 5 ). The close correlation between a physical length and sequence of coiled-coil structures may make them particularly suited as molecular rulers for biological systems more generally.
The bifunctional kinase-methyltransferase WbdD component is identical in E. coli serotypes O9 and O9a; the difference in O antigens arises as a result of changes in linkage geometry catalyzed by the differing WbdAs 37 . O-antigens and biosynthesis systems similar to E. coli O9 are also found in Klebsiella pneumoniae 37 and Hafnia alvei 38 . A polymannose O-antigen with a trisaccharide repeat unit is produced by E. coli serotype O8 (identical to K. pneumoniae O5). It possesses a WbdA protein with three mannosyltransferase domains 9 and the cognate WbdD protein only possesses the methyltransferase activity, but the coiled-coil domain is conserved (Supplementary Fig. 6 ) 10 . Consequently, we suggest that a similar ruler mechanism operates in each of these polymannose O antigen Figure 5 Proposed model for elongation and termination of the O9a antigen. The membrane-attached polymer is extended (shown as translucent spheres, coloring as in Fig. 1b ) by three copies of the multidomain WbdA polymerase (green ring). WbdA forms a complex with full length trimeric WbdD (which is anchored to the membrane, purple); note that the stoichiometry of the complex also influences the chain length 16 . As the polymer grows in length, it will become long enough to reach the kinase active site of WbdD, where polymerization is terminated. The coiled-coil domain of WbdD separates the kinase from WbdA in space and is therefore the essential element in the molecular ruler that regulates the chain length of O-PS. npg a r t i c l e s systems. An ABC transporter-dependent process is also used by Geobacillus stearothermophilus, where the S-layer glycoprotein carries O-linked poly-d-rhamnose glycans capped with methyl groups 39 . The organization of the system differs, as there is no separate terminating methyltransferase protein. Instead, the methyltransferase is part of a multidomain protein that includes one of the glycosyltransferases required for chain extension. Notably, the methyltransferase and glycosyltransferase domains are separated by a region of predicted coiled-coil structure (Supplementary Fig. 6 ), and we predict that this region may function as the ruler. An analogous situation may occur in the biosynthesis of the O12 antigen in K. pneumoniae O12 and a related O-antigen structure in Raoutella terrigena 40, 41 , where terminal capping is achieved by addition of a β-linked 3-deoxy-d-mannooct-2-ulosonic acid (Kdo) residue. In this multidomain protein, the putative Kdo transferase domain is separated from two chain extension glycosyltransferase domains by a region of coiled-coil structure (Supplementary Fig. 6 ).
To the best of our knowledge, the coiled-coil domain of WbdD represents the first molecular ruler characterized at a molecular level and we found that the ruler could be engineered by genetic modification to produce both longer and shorter carbohydrate polymers. The ease of the genetic manipulation that we used to tune the property of polymer may be another positive facet of coiled-coils as molecular rulers in nature, but may also be useful for chemical applications.
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